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Study Site and Sample Collection
This prospective study was performed at the Inkosi Albert Luthuli Central Hospital (IALCH). IALCH is a centralized healthcare facility located in Durban, KwaZulu-Natal, South Africa. This Level 4 hospital has a Medical and Surgical ICU comprising of 6 beds each. The ten-bed trauma ICU is exclusively for trauma patients who are admitted either directly from an injury scene or transferred from another district hospital within 24 h of sustained injuries unless otherwise specified. Rectal swab specimens to identify CPE were obtained from patients admitted to the Medical, Surgical and Trauma ICU between May 2016 and May 2017. A total of 263 patients were screened. Additionally, clinical isolates of CR K. pneumoniae implicated in bloodstream infections were obtained from the same wards in the same period.
Isolation and Identification of Carbapenemase-Producing Klebsiella Pneumoniae Isolates

Culture Screening Methods
Rectal swabs were obtained using a nylon flocked swab system with 5 mL of Amies gel transport medium. The swabs were immediately streaked on ChromID CARBA SMART chromogenic agar medium (BioMérieux, Marcy l'Étoile, France) containing antibiotics that enable selective isolation of and identification of carbapenemase-producing Enterobacterales. This media provides rapid and reliable identification of all CPE/CRE, particularly KPC, NDM-1, and OXA-48-producing isolates [31] . Inoculated plates were incubated for 18 to 24 h at 37 • C in ambient air. All ChromID CARBA SMART (BioMérieux, Marcy l'Étoile, France) agar plates were inoculated with the following control strains: carbapenemase-negative K. pneumoniae ATCC 700603, and carbapenemase-positive K. pneumoniae ATCC BAA-1705.
Detection and Identification of CPE Colonies
Presumptive CPE colonies from isolated from the ChromID CARBA SMART agar were sub-cultured onto MacConkey plates, and pure colonies were phenotypically identified using the VITEK II system (BioMérieux, Marcy l'Étoile, France). Confirmed CRE were then subjected to the RAPIDEC ® CARBA NP (BioMérieux, Marcy l'Étoile, France) test to detect carbapenem hydrolysis by carbapenemase-producing bacteria.
Antibiotic Susceptibility Testing (AST)
Antibiotic susceptibility testing was performed, and the minimum inhibitory concentrations (MICs) were ascertained using the VITEK II (BioMérieux Marcy l'Étoile, France) platform. The results were interpreted according to the Clinical Laboratory Standards Institute (CLSI) guidelines [32] . The VITEK II AST-N255 card was used to perform antibiotic susceptibility testing. The universal antibiotic test panel included: penicillin, ampicillin, amoxicillin-clavulanate, ceftriaxone, cefepime, cefuroxime, cefoxitin, ceftazidime, imipenem, meropenem, ertapenem, piperacillin-tazobactam, amikacin, gentamicin, nitrofurantoin, trimethoprim/sulfamethoxazole, ciprofloxacin, and tigecycline. Colistin susceptibility testing was not performed as currently all available laboratory methods are unreliable and may not predict clinical outcome [33] . Isolates were characterized as susceptible or resistant using CLSI breakpoints [32] .
DNA Extraction Genome Sequencing and Analysis
The isolates were grown on nutrient agar (Oxoid, UK) and incubated overnight at 37 • C prior to genomic DNA extraction. Genomic DNA (gDNA) was extracted using the GenElute ® bacterial genomic DNA kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions. The quantification of extracted gDNA was determined on a Nanodrop spectrophotometer, Qubit, and verified on an agarose gel electrophoresis. Multiplexed paired-end libraries (2 × 300 bp) were prepared using the Nextera XT DNA sample preparation kit (Illumina, San Diego, CA, USA) and sequences were determined on an Illumina MiSeq platform with 100× coverage at the National Institute of Communicable Diseases Sequencing Core Facility, South Africa. The resulting raw reads were checked for quality, trimmed, and de novo assembled into contigs using the CLC Genomics Workbench version 10 (CLC, Bio-QIAGEN, Aarhus, Denmark) [34] . The de novo assembled reads were uploaded in GenBank and annotated using NCBI prokaryotic genome annotation pipeline and RAST 2.0 server [35] , which identified encoding proteins, rRNA and tRNA, assigned functions to the genes and predicted subsystems represented in the genome.
WGS-Based Confirmation and Molecular Typing of K. Pneumoniae Isolates
The generated contigs from the WGS data were used to confirm the Klebsiella pnuemoniae isolates using the SpeciesFinder 2.0 platform (https://cge.cbs.dtu.dk/services/SpeciesFinder/) which predicts the genus and species the strains in-silico. Multilocus sequence typing (MLST) was performed in-silico using the WGS data online platform tool from the assembled genomes (https://bigsdb.pasteur.fr/ klebsiella/klebsiella.html) which also predicted the allelic profiles of the seven housekeeping genes, gapA, infB, mdh, pgi, phoE, rpoB, and tonB of K. pneumoniae. The reference Klebsiella WGS data online platform tool, Kaptive-web (http://kaptive.holtlab.net/) was used to infer the serotypes (K types, wzc and wzi allelic types) of the isolates.
WGS Identification of the Acquired and Chromosomal Mutations in the Isolates
The bacterial analysis pipeline GoSeqIt (https://www.goseqit.com/web-services/) via ResFinder [36] and the comprehensive antibiotic resistance database (CARD; https://card.mcmaster.ca) [37] were used to annotate and identify antibiotic resistance genes. To detect the molecular basis of resistance (developing by chromosomal SNPs) against quinolones (gyrA and parC), the nucleotide allele sequences were translated with tBLASTn to call SNPs in these genes. The fluoroquinolone susceptible K. pneumoniae ATCC 13883 (PRJNA244567) was used as the reference/wild-type strain. The detected mutations were confirmed using the CARD platform which can equally predict chromosomal mutations.
WGS Identification of Mobile Genetic Elements (MGEs)/Genetic Support
Plasmid replicons were predicted through PlasmidFinder [38] . PHAge Search Tool (PHAST) server was used for the identification, annotation, and visualization of prophage sequences [39] . Insertion sequences (IS) resident in genomes were predicted by uploading contigs on the ISFinder database (https://www-is.biotoul.fr/) [40] . The carbapenemase genes and their flanking sequences obtained from the RAST SEED viewer were searched on the NCBI microbial nucleotide BLAST. Fully sequenced plasmids, with the closet synteny obtained from the BLAST search, were used as a reference input to GView Server (https://server.gview.ca/), together with the 10 annotated Illumina sequence reads of the XDR-Klebsiella pneumoniae isolates to visualize the presence/absence of specific plasmid DNA.
2.9. Phylogenomic Analyses of the K. Pneumoniae Isolates (n = 10)
The de-novo assembled contigs were submitted to CSI Phylogeny-1.4 (https://cge.cbs.dtu.dk/ services/CSIPhylogeny-1.2), an online service which identifies SNPs from WGS data, filters and validates the SNP positions, and then infers phylogeny based on concatenated SNP profiles [41] . The genome of K. quasi-pneumoniae strain P27-02 (accession number: NXHG00000000.1) served as the outgroup to root the tree enabling the easy configuration of the phylogenetic distance between the strains on the branches. The pipeline was run with default parameters: a minimal depth at SNP positions of 10 reads, a minimal relative depth at SNP positions of 10%, a minimal distance between SNPs of 10 bp, a minimal Z-score of 1.96, a minimal SNP quality of 30 and a minimal read mapping quality of 25. The obtained phylogenomic tree was downloaded in Newick format, annotated and visualized or edited using an interactive tree of life (ITOL) (https://itol.embl.de/). Additionally, a genome-wide gene-by-gene comparison approach was used to assess the phylogenetic relatedness between isolates using Rapid large-scale prokaryote pangenome analysis (Roary; https://sanger-pathogens.github.io/Roary/) to estimate the tree for the core genome. The annotated genome assemblies were used to determine the core genes and predicted coding regions were extracted and converted into protein sequences. A total of 4605 core genes were extracted with an alignment length of 4,294,572 bp shared by the ten K. pneumoniae genomes.
The allelic distance from the cgMLST was edited and visualized using Figtree v1.4.3 (https: //tree.bio.ed.ac.uk/sofware/figtree/) in a maximum likelihood phylogenetic tree using optimized parameters: nucleotide substitution model, Jukes-Cantor; transition/transversion ratio, 2; estimate substitution rate, yes; number of substitution rate, 4; perform bootstrap analysis, yes; replicates, 1000. The phylogeny was visualized with annotations for isolate demographics, WGS in-silico typing (ST, K type), β-lactamases, and mobile genetic elements metadata using Phandango [42] to provide a comprehensive analysis of the generated phylogenomic tree.
Accession Numbers
The raw read sequences and the assembled whole-genome contigs have been deposited in GenBank. The data is available under project number PRJNA411997.
Results
Identification, Confirmation and Phenotypic Analysis
Five out of the 263 rectal swabs (colonization rate of 1.9%) as well as the five blood culture samples obtained from infected patients for comparison, were confirmed as carbapenem-resistant K. pneumoniae (CRKP). Antibiotic susceptibility testing (AST) revealed that all the isolates were extensively drug-resistant (XDR) ( Table 1 ). The relevant patient data, source of the specimen, and relevant phenotypic features (AST and Carba NP test) for the ten collected CRKP isolates are summarized in Tables 1 and 2 .
Genomic Confirmation and Resistance Profiling of β-Lactamases
The SpeciesFinder platform confirmed all the with generated genomic data as K. pneumoniae. The genomic attributes of the 10 sequenced CRKP isolates are shown in Table S1 . Resistance to antibiotics was attributed to multiple genes mediating resistance to different antibiotic classes ( Table 2 and Table S2 ). 
WGS-Based Capsular Serotyping and Multilocus Sequence Typing (MLST)
The epidemiological typing scheme via the Kaptive database predicted the same capsular polysaccharide serotype [KL149-wzc:928, wzi:110] for all the isolates. Further MLST-analyses revealed that the 9 of the CRKP strains belonged to ST152 (same clonal lineage) with the allelic profiles (gapE-2, infB-3, mdh-2, pgi-1, phoE-1, rpoB-4, tnoB-56) except for the novel ST3136 (n = 1) [45] which differed by a single-locus variant (SLV) in the rpob allelic gene_85 ( Table 2 and Table S2 ).
WGS Detection of Carbapenemase-Encoding Bla NDM-1 Plasmid Involved in Horizontal Spread
All the bla NDM-1 genes always occurred with bleomycin resistance determinants (ble MBL ). The NCBI microbial nucleotide BLAST search of the carbapenemase (NDM-1) and its flanking sequences in all the isolates revealed that the bla NDM-1 was located on a 212.3 Kbp multi-replicon plasmid (p18-43_01; accession no. CP023554.1) ( Table 2 ). Comparative analyses via the GView server ( Figure 1) tracked and confirmed the presence of similar DNA synteny with 99-100% coverage and identity to the p18-43_01 reference in all the bla NDM-1 positive CRKP isolates (Tables 2 and 3) . WGS analysis via the PlasmidFinder online platform revealed different plasmid replicon types (Inc FIB(K), Inc FII, Inc FIB (pB171), Inc FII(Yp), ColRNAI, and Col440I) grouped into two different combinations in the CRKP isolates ( Table 3 ). The ISFinder predicted 14 insertion sequences in 5 varied permutations ( Figure S1 and Table 3 ). 
Phylogenomic Insights
Phylogenomic tree analysis based on the single nucleotide polymorphism (SNPs) differences from whole genomes grouped the isolates into a single clade confirming the high genetic similarity depicted in their epidemiological profiles (capsular serotypes and sequence types) (Figure 2a) . The tree depicted a major clade with the nodes (bootstrap in blue circular dots) showing a slight differentiation between the CRKP isolates from both colonized and infected patients on the phylogenomic branch (Figure 2a ). Core genome phylogenetics via Roary coupled with metadata analysis, however, provided useful insights into the slight distinctions between the CRKP isolates ( Figure 2b) . Specifically, there were differences in the plasmid replicons and insertion sequences in the genomes that were possibly associated with variations in the common genetic backbone of the bla NDM-1.
Discussion
The global dissemination of carbapenemase-producing Enterobacterales (CPE) poses a serious threat to public health and clinical practice as these bacteria are resistant to the last-resort antibiotics (carbapenems) and cause high mortality [46] [47] [48] . The rapid emergence and widespread dissemination of XDR K. pneumoniae over recent years are of great concern [49]. As eluded by Yang et al., 2011 antibiotic resistance mediated by plasmids has been increasing at a remarkable rate, especially through genes encoding carbapenemases [50] . Therefore, a thorough understanding of their resistance mechanisms and spread will offer valuable insights into their management. Herein, whole-genome sequence (WGS) analyses were employed to investigate the molecular epidemiology of carbapenem-resistant K. pneumoniae strains, focusing on the carbapenem resistance-encoding determinants, mobile genetic support, clonal and epidemiological relationships.
The CRE colonization (or carriage) rate of 1.9% obtained, which was much higher than the 4.2% faecal colonisation with CRKP isolates in a paediatric hospital in South Africa [51] . However, the finding was comparable to a study in the tertiary hospital in Korea by Kang et al. [52] , where a CRE carriage rate on admission in 833 adults was 2.8%. Similarly, less than 2% CRKP was recorded in 7-year surveillance study in a primary health care centre in China [53] . However, in Brazil, a 6.8% CRE colonization rate has been reported on admission [54] . The different rates across different settings are not peculiar to the carbapenem-resistant K. pneumoniae isolates were extensively drug-resistant (XDR) and harbored the New Delhi Metallo-β-lactamase (bla NDM-1 ) that mediates resistance to carbapenems (meropenem and imipenem) [55, 56] . The detection of bla NDM-1 carbapenemases in both infected and colonized patients has been reported in South Africa [51, [57] [58] [59] , Africa [19, 21, 56, 60] and globally [61] . Furthermore, all the isolates possessed chromosomal mutations, plasmid-mediated quinolone resistance genes, and efflux genes, whose combined effect mediates high-level quinolone resistance [62] [63] [64] .
In-silico Klebsiella typing scheme that represents useful epidemiological markers for Klebsiella strain serotyping predicted the same capsular serotypes (KL149-wzc:928, wzi:110). This finding suggests a possible epidemiological linkage between the isolates [65] . Interestingly, the KL149 serotype has been linked with ESBL producing and carbapenemase positive invasive K. pneumoniae isolates from South and Southeast Asia (Hong Kong, India, and Vietnam) [66] . Furthermore, MLST analyses revealed the same clone (ST152) for the CRKP isolates except for one which belonged to the novel ST3136 [45] and differed by a single allelic gene affirming the high epidemiological linkage in the isolates and a possible clonal expansion of ST152. While there were no studies on K. pneumoniae capsular serotypes in the country for comparison, a study by Agyapong et al. [63] on K. pneumoniae isolates from Ghana showed a 100% concordance between 2 typing schemes and reported that ST152 isolates contained a similar capsular serotype to that shown in this study. The slight differences in the two typing results indicate that the MLST is more resolute than capsular polysaccharide serotyping.
Analysis of the genetic backbone of the carbapenemase and its flanking sequences linked bla NDM-1 to a mobile element p18-43_01 (multi-replicon plasmid) [58] in all CRKP isolates (Figure 1 , Tables 2  and 3 ). This p18-43_01 plasmid has been reported for the spread of bla NDM-1 in CRE (including K. pneumoniae, K. michiganensis, Serratia marcescens, Citrobacter freundii, and Enterobacter spp.) in South Africa [58] . This implicates bla NDM-1 acquisition as well as nosocomial spread and development of an XDR genetic lineage in different species. This is of concern in terms of our last-resort antibiotic arsenals for the treatment of drug-resistant bacteria in the country.
The different combinations of genetic support such as the varied plasmid replicons (Inc FIB(K), Inc FII, Inc FIB(pB171), Inc FII(Yp), ColRNAI, and Col440I) and insertion sequences support the assertion of the versatility in this bla NDM-1 encoding plasmid backbone structure enabling a local horizontal transfer between isolates ( Figure S1 and Table 3 ). Wenzi Bi. et al., in 2017, reported the dissemination and epidemicity of clinical XDR K. pneumoniae strains result from horizontal transmission of multiple resistance determinants via IncF plasmids [67] . More so, the multi replicon nature of the p18-43_01 plasmid was not peculiar, as a diversity of plasmid incompatibility groups (Inc), including IncX, IncR, IncN, IncL/M, IncA/C, and IncF have been linked with NDM variants [26, 27, 68, 69] . The intra-and inter-clonal spread of the bla NDM-1 plasmid-bearing structure in both ST152 and ST3136 support the findings that NDM-positive K. pneumoniae strains of African origin have been multi-clonal [60] . Further insight into the host adaptation and evolution of the p18-43_01 plasmid in the CRKP isolates would require DNA sequence circularization.
Comparative phylogenomic analysis of the 10 CRKP isolates with WGS SNPs analysis corroborated their close epidemiological profiles (capsular serotypes and sequence types), which showed less genetic variation in isolates recovered from the colonized and infected patients (Figure 2a ). This has been reported in many species, including Acinetobacter baumannii [70] . Furthermore, core genome phylogenetics, combined with metadata analysis, provided useful insights into the slight distinctions (replicons and insertion sequences) between the CRKP isolates ( Figure 2b) [71] . This is possibly associated with variations in the common genetic backbone of the bla NDM-1, supporting its versatility via a local horizontal transfer and subsequent evolution in their host by recombination events [72, 73] . This reiterates the need for further circularization and annotation of the plasmid DNA using sequencing techniques that provide long-read sequences to offer insights into its evolution and spread [74] . Moreover, further larger epidemiological studies should be conducted in the province to trace the primary source(s) of their spread, possibly through frequent contact with healthcare workers and the movement of colonized patients among different healthcare settings [75, 76] .
Conclusions
The acquisition of resistance-encoding plasmids, horizontal transfer and clonal dissemination facilitate the spread of carbapenemases in KZN, South Africa, which is very worrisome for infectious disease management and highlights the importance of early detection of CRE and targeted infection control measures to prevent dissemination. Further studies would elucidate the extent of CPE dissemination in this region and identify the primary source(s) of their spread. Such knowledge will enable the development of effective countermeasures against the spread of CPE.
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